Tocolysis with nonsteroidal anti-inflammatory drugs (NSAIDs) has been widely accepted for several years. Recently, the use of the cyclooxygenase-2 (COX2) preferential NSAID nimesulide has been proposed. However, data reporting neonatal acute renal failure or irreversible end-stage renal failure after maternal ingestion of nimesulide question the safety of this drug for the fetus and the neonate. Therefore, this study was designed to define the renal effects of nimesulide in newborn rabbits. Experiments were performed in 28 newborn rabbits. Renal function and hemodynamic parameters were measured using inulin and para-aminohippuric acid clearances as markers of GFR and renal blood flow, respectively. After a control period, nimesulide 2, 20, or 200 g/kg was given as an i.v. bolus, followed by a 0.05, 0.5, or 5 g · kg Ϫ1 · min Ϫ1 infusion. Nimesulide administration induced a significant dose-dependent increase in renal vascular resistance (29, 37, and 92%, respectively), with a concomitant decrease in diuresis (Ϫ5, Ϫ23, and Ϫ44%), GFR (Ϫ12, Ϫ23, and Ϫ47%), and renal blood flow (Ϫ23, Ϫ23, and Ϫ48%). These results are in contrast with recent reports claiming that selective COX2 inhibition could be safer for the kidney than nonselective NSAIDs. These experiments confirm that prostaglandins, by maintaining renal vasodilation, play a key role in the delicate balance regulating neonatal GFR. We conclude that COX2-selective/preferential inhibitors thus should be prescribed with the same caution as nonselective NSAIDs during pregnancy and in the neonatal period. Because of the role of prostaglandins (PGs) in the genesis of labor (term or preterm), nonselective nonsteroidal antiinflammatory drugs (NSAIDs) have been used as tocolytic drugs for several decades. Meanwhile, the use of NSAIDs during pregnancy to treat toxemia, polyhydramnios, or preterm labor and in the immediate postnatal period to induce closure of a symptomatic patent ductus arteriosus is increasing (1-4) . However, side effects that affect mainly the cerebral, mesenteric, and renal microcirculations have been reported in fetuses and neonates (5-10), and NSAID-associated pulmonary hypoperfusion and persistence of fetal circulation may also compromise the newborn renal function (4, 11).
Because of the role of prostaglandins (PGs) in the genesis of labor (term or preterm), nonselective nonsteroidal antiinflammatory drugs (NSAIDs) have been used as tocolytic drugs for several decades. Meanwhile, the use of NSAIDs during pregnancy to treat toxemia, polyhydramnios, or preterm labor and in the immediate postnatal period to induce closure of a symptomatic patent ductus arteriosus is increasing (1) (2) (3) (4) . However, side effects that affect mainly the cerebral, mesenteric, and renal microcirculations have been reported in fetuses and neonates (5) (6) (7) (8) (9) (10) , and NSAID-associated pulmonary hypoperfusion and persistence of fetal circulation may also compromise the newborn renal function (4, 11) .
It has been claimed that selective cyclooxygenase-2 (COX2) inhibitors could have the same curative effects as nonselective NSAIDs without the deleterious side effects attributed to COX1 inhibition. Therefore, the use of the COX2-preferential NSAID nimesulide (12, 13) has been proposed for tocolysis in humans (14) . In a case report, Sawdy et al. (14) found no effect of nimesulide administered from the 16th to the 34th week of gestation on the renal and ductal functions of the fetus. Doppler flow indices for the ductus arteriosus and amniotic fluid index remained normal, and the infant was born with no congenital abnormalities and an uncomplicated neonatal course (14) . However, recent data reporting severe oligohydramnios (15) , reversible oliguric, or even irreversible end-stage neonatal renal failure (16 -18) after maternal ingestion of nimesulide question the safety of COX2-selective NSAIDs for the fetus and the neonate.
We previously demonstrated that the nonselective NSAIDs aspirin, indomethacin, and the more recently introduced ibuprofen have similar renal side effects in the neonatal period, including significant reductions of diuresis, GFR, and renal blood flow (RBF), associated with a rise in renal vascular resistance (RVR) (19 -22) . The present study thus was designed to assess the renal hemodynamic effects of the preferential COX2 inhibitor nimesulide in the newborn rabbit, an animal model that shows great similarities to the developing kidney of the human premature infant (23) .
METHODS

Animal experiments.
The animal studies were performed according to the guidelines of the Swiss National Research Foundation. Twenty-eight normoxemic, 5.6 Ϯ 0.2-day-old (mean Ϯ SEM) New Zealand White rabbits that weighed 105.6 Ϯ 3.0 g were studied. All animals were born in our own animal facilities by spontaneous vaginal delivery and breast-fed until the time of study. Animals were issued from 11 different litters studied over a period of 12 mo. Therefore, to avoid possible inaccuracies as a result of the interanimal and interlitter variability of the data, the experimental absolute data were compared only within the same group of animals over time.
All methods have been described previously (20) . Briefly, the rabbits were anesthetized with 25 mg/kg body weight of sodium pentobarbital i.p. and artificially ventilated via tracheostomy with an oxygen-enriched gas mixture. The respiratory rate was kept constant at 40 breaths/min, and tidal volume was adjusted for age and weight. Internal body temperature was maintained in the range of physiologic values for rabbits (39°C). The femoral vessels had catheters implanted for solute infusion, arterial blood sampling, and continuous monitoring of mean arterial blood pressure (MAP) and heart rate (HR). Urine was sampled by bladder catheterization.
After completion of the surgical procedure (approximately 1 h), inulin and para-aminohippuric acid (PAH) clearances were measured throughout the experiment. From this point onward, all animals received a constant infusion of a modified rabbit Ringer solution at a rate of 1 mL · h Ϫ1 · 100 g Ϫ1 birth weight (20) .
Experimental protocol. A 90-min equilibration period was allowed, followed by a 60-min control period consisting of two 30-min urine collections with 0.4 mL of blood withdrawn at the midpoint of each collection. Eighty microliters were used for immediate measurements of blood gases, hematocrit, and plasma protein levels. The red blood cells were reconstituted in diluted human albumin and re-infused. The remainder of the plasma was frozen for later determination of renal function tests.
The animals were then randomly divided into three groups comparable for age and weight. They received increasing doses of nimesulide (provided by Helsinn Healthcare SA, Lugano, Switzerland) administered within 2 min as an i.v. bolus diluted in isotonic saline (500 L/100 g/BW), flushed with heparinized saline for an additional 3 min, and followed by a continuous infusion (diluted in the modified rabbit Ringer solution) throughout the experiment.
Nimesulide dosage was derived from studies performed on dogs using a bolus of 750 g/kg ϩ 5 g · kg Ϫ1 · min Ϫ1 (24) . We consequently determined the optimal dose that was effective on renal function without affecting MAP in a preliminary study (data not shown) and designed a dose-range study as follows:
Group NIM 2: nimesulide 2 g/kg ϩ 0.05 g · kg Ϫ1 · min Analytical procedures. Urine flow rate (UV) was assessed gravimetrically. Blood gas determinations were performed using a pH/blood gas analyzer (Blood gas system 248; Bayer Schweiz AG, Zürich, Switzerland). The automatic anthrone method of Wright and Gann (25) Inulin and PAH clearances were calculated from standard equations representing GFR and renal plasma flow, respectively. RBF, filtration fraction (FF), and RVR were derived from standard equations as previously reported (20) .
A PAH extraction ratio of 0.55 Ϯ 0.04 was used to calculate RBF. This is the usual value found for normoxemic neonatal rabbits in our laboratory (23) . No significant difference was found (0.48 Ϯ 0.02; p ϭ 0.06) in the 20 animals in which the extraction was completed at the end of the experiment. Freewater clearance (CH 2 O) was calculated as the difference between UV and the osmolar clearance: CH 2 O (mL/kg per min) ϭ UV Ϫ (urine osmolality ϫ UV)/plasma osmolality.
Statistical analysis. All results are given as mean Ϯ SEM. Intragroup comparisons between the control period and periods E1 and E2 were performed on the absolute individual data with the nonparametric Friedman and Wilcoxon signed-rank tests.
To avoid inaccuracies as a result of the interindividual variability of the data from the control period, intergroup comparison was performed only on the percentage changes ( Fig. 1 ) with the nonparametric Kruskal-Wallis rank-sum test, and ANOVA followed by Fisher's paired least-significant difference test was used for repeated measurements. Each animal acted as its own control. A p Ͻ 0.05 was considered as statistically significant.
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RESULTS
In the sham-surgery group, the only change seen over time in the hemodynamic and renal function parameters was a slight, albeit significant, increase in GFR, with a resulting increase in FF (GFR: 1.84 Ϯ 0. 36 Tables 1 and 2 (absolute data) and Figure 1 (percentage changes). To simplify the presentation, the results for E1 and E2 being similar, percentage changes in Figure 1 are given only for the experimental period E2, compared with the control period.
During the experiments, relatively minor, albeit statistically significant, changes in plasma protein levels and hematocrit were observed. These are recurrent findings in the neonatal animal experiments as a result of repeated blood sampling. However, these changes do not interfere with the physiologic stability of the neonatal model during the time of the experiment.
After the i.v. administration of nimesulide, MAP remained unchanged in the three groups. Diuresis fell significantly in animals that received nimesulide 20 and 200 by Ϫ23 and Ϫ44% in period E2, respectively (both p Ͻ 0.01), but not in those that received the lowest dose (Fig. 1) . The same pattern was found for CH 2 O. The baseline plasma/urine inulin ratio was identical in the three groups (0.039 Ϯ 0.003, 0.036 Ϯ 0.003, and 0.037 Ϯ 0.003, respectively) and remained unchanged whatever the dose of nimesulide. Renal function parameters were significantly modified in all groups with a dose-dependent effect: GFR fell by Ϫ12, Ϫ23, and Ϫ47% in groups NIM 2, NIM 20, and NIM 200, respectively; RBF decreased by Ϫ23, Ϫ23, and Ϫ48%, respectively; meanwhile, RVR increased by 29, 37, and 92%, respectively. FF increased slightly or remained unchanged.
DISCUSSION
The present data clearly demonstrate a dose-dependent increase in RVR in the immature vascular bed after the i.v. administration of nimesulide, with a consequent decrease in urine flow rate, GFR, and RBF. The sham experiments in rabbits that received an infusion of saline confirmed the stability of the model. The slight increase in GFR was probably the result of slight volume expansion, even if the volume injected (500 L/100 g/BW) was small compared with the rabbit's theoretical blood volume (approximately 8%). These results can obviously not have interfered with the effects of nimesulide as saline administration alone increased GFR, whereas nimesulide decreased it significantly.
The decrease in urine flow rate at the two highest doses is probably due mainly to the decrease in GFR, as suggested by the constant plasma/urine inulin ratio. However, at the lowest dose, GFR significantly decreased with no significant decrease in diuresis or CH 2 O. Therefore, we cannot rule out that the decrease in diuresis and CH 2 O could also partly result from a PG-mediated dose-dependent direct effect of nimesulide on free-water reabsorption. Indeed, in fetal lambs, the COX2 inhibitor celecoxib decreased UV and CH 2 O directly, with no alteration of RBF or creatinine clearance (27) . In the adult kidney cortex, constitutive expression of COX2 is found mainly in the thick ascending limb of the loop of Henle (28), which is one of the main sites of water reabsorption. Schumacher et al. (29) recently demonstrated on cryosections of neonatal rabbit kidneys that both COX1 and COX2 are constitutively expressed in the medullary collecting duct, without labeling the cortical collecting duct. This suggests a direct role of COX2 inhibition in the medullary collecting duct. In the renal medulla, PGs decrease medullary hypertonicity and reduce the tubular sensitivity to AVP, thereby promoting freewater excretion. Furthermore, PGE 2 has a direct effect on aquaporin 2 (AQP2) distribution in rat inner medulla (30) . A decrease in PGE 2 production by COX2 inhibitors therefore would lead to a reduction of AQP2 endocytosis and to an increased abundance of AQP2 in the plasma membrane. PGE 2 has also been reported to modulate AVP-induced water permeability of the cortical collecting tubule (31) . In addition, the prostacyclin (PGI 2 ) analogue iloprost can trigger the urinary excretion of AQP2 in healthy humans, suggesting an increase in AQP2 expression in the collecting duct (32) . Altogether, COX2-mediated PG synthesis inhibition with nimesulide could stimulate free-water reabsorption at various sites of water transport in the kidney.
Finally, the COX2/COX1 selectivity ratio of nimesulide can vary greatly depending on the system used for its determination. In vitro, COX2/COX1 IC 50 ratios have been reported to range from 0.76 to Ͻ0.0001, i.e. from a 1.3-to a 10,000-fold higher COX2 versus COX1 selectivity of nimesulide [see (13) for review (33) (34) (35) ]. Ex vivo, plasma from volunteers who were given nimesulide produced a marked inhibition of COX2 activity with little effect on COX1 (36) . In vivo, nimesulide suppressed endotoxin-induced PGE 2 formation, which represents an index for COX2 activity, by 93%, whereas the levels of thromboxane B2, an index of COX1 activity, were nearly unchanged (13%) (37) . Likewise, in vivo, nimesulide did not affect COX1-mediated PG synthesis in the bronchial tree and in the gastric mucosa. In contrast, this agent markedly affected COX2-mediated PG production in inflammatory exudate (38) . These discrepancies do not allow us to conclude definitely on the selectivity of nimesulide in our model. We therefore cannot totally exclude the possibility that the reduction of CH 2 O by nimesulide might also result from partial COX1 inhibition, as COX1 is widely expressed in the collecting duct (29) .
At all doses, nimesulide administration had a deleterious effect on renal function without affecting MAP, thus ruling out a systemic arterial pressure-related effect. The absence of major changes in FF indicates vasoconstriction of afferent as well as efferent glomerular vessels. Renal vasoconstriction occurred even with the lowest dose of nimesulide, suggesting a great sensitivity of the newborn kidney to COX2 inhibition. It seems that the primary event with low-dose nimesulide would be on the renal microvasculature (RVR is increased), thus decreasing GFR and RBF. An additional decrease in GFR combined with a direct effect of nimesulide on free-water reabsorption would then lead to the decrease in urine flow rate seen at the two higher doses. 
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The present data reinforce those previously observed in our laboratory with the infusion of nonselective NSAIDs (19 -22) (Table 3) . A similar pattern of response was observed with indomethacin, aspirin, and ibuprofen, which have been demonstrated to be more potent inhibitors of COX1 than COX2 in all models used (39) . Interesting enough, the response of adult rabbits to aspirin administration was attenuated compared with the newborns (21) . The overall data therefore suggest a major role of both COX1 and COX2 isoforms-derived PGs in protecting the newborn kidney, which is perfused at low renal arterial pressure. Indeed, it has been demonstrated that the low renal expression of COX2 at birth increases rapidly in the first two postnatal weeks, before gradually declining to low levels in normal adult rats and rabbits (29, 40) . Likewise, newborn infants have high plasma levels of vasodilating PGs that modulate the highly activated vasoconstrictor state of the neonatal renal circulation (41) . COX2 is widely expressed in the macula densa, cortical thick ascending limb, juxtamedullary glomeruli, and medullary interstitial cells. Expression has also been documented in the cortical vasculature (endothelial and smooth muscle cells of arteries and veins, arterioles, vasa recta) and podocytes, suggesting an additional role in the regulation of glomerular hemodynamics through their contraction (42, 43) . Thus, COX2 inhibition would impair the renal autoregulation, resulting in an increase in RVR with a marked reduction in GFR and RBF, as seen in the present study. These changes can be explained by the direct inhibition of COX2-mediated PG synthesis. Indeed, in a purified enzyme assay in vitro, nimesulide caused a concentration-related inhibition of PGE 2 formation by COX2 (IC 50 90.3 M), with no inhibition of PGE production by COX1, suggesting that nimesulide was specific for COX2 (44) . Nimesulide infusion to pregnant ewes also decreased fetal plasma PGE 2 concentrations significantly (45), even at low maternal doses consistent with the ones we used in the present study (46) . Nimesulide 0.01, 0.1, and 1 mg/kg induced a 35, 82, and 94% reduction, respectively, of PGE 2 fetal carotid artery concentrations, indicating effective suppression of COX2 activity (46) . In addition, nimesulide may have a dual inhibitory effect on PG levels, not only by decreasing the activity of COX2 but also its formation by suppressing COX2 mRNA expression and protein synthesis (45) . Accordingly, the GFR of COX2-deficient mice was reduced by approximately 50%, as compared with normal wild-type controls (47) .
COX2 inhibition with nimesulide may also have unveiled the constrictor effect of angiotensin II. The kidneys of fetal and newborn experimental animals are known to synthesize and secrete renin in abundance (48) . In the newborn rabbit, total renin concentration increases with postnatal age and relatively more than kidney weight between 1 and 2 wk of age (49) . We previously showed, using the angiotensin-converting enzyme inhibitor perindoprilat, that the renin-angiotensin system plays an important role in regulating renal function in the newborn rabbit (50) . Renal PGs are thought to modulate renin expression and secretion in response to changes in renal perfusion. Conflicting results showed that selective inhibition of COX2 attenuated urinary prostanoid excretion without affecting renal renin expression but also blunted the stimulation of renin secretion and renin gene expression in response to renal hypoperfusion (51, 52) . Likewise, Qi et al. (51) demonstrated that COX2 deletion or inhibition amplifies the pressor response to exogenous angiotensin II and reveals a depressive effect of endogenous angiotensin II on medullary blood flow. Finally, a partial inhibition by nimesulide of COX1 in the glomerulus cannot be totally excluded from the present results, as discussed earlier for the collecting duct.
Tocolysis with nonselective NSAIDs has been widely accepted for many years, owing to their capacity to inhibit PG-induced initiation and maintenance of labor. In 1978, Novy (5) documented the occurrence of irreversible renal failure in indomethacin-exposed rhesus monkey fetuses. Since then, reports of the use of nonselective NSAIDs in experimental animals and humans have showed an increased incidence of oligohydramnios as a result of a decrease of fetal renal function (9, 11, 53, 54) . In addition to the hemodynamic side effects, renal dysgenesis was reported (9, 54) . In the embryonic kidney, both isoforms COX1 and COX2 are constitutively expressed, notably in cells undergoing induction and/or morphogenesis (52) . Not surprising, tocolysis with the COX2-preferential inhibitor nimesulide was associated with fetal side effects similar to those described with indomethacin, i.e. severe reversible oligohydramnios or neonatal renal failure (15) (16) (17) (18) 55) . Morphology was suggestive of delayed glomerular development and interstitial fibrosis, or partial abnormal tubular differentiation with subacute tubulointerstitial nephritis and interstitial inflammation (17, 18) . Renal dysgenesis was also reported in mice that had targeted disruption of the COX2 gene Values are means Ϯ SEM. * p Ͻ 0.05, † p Ͻ 0.01 when compared with C period of the same group.
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PRÉVOT ET AL. (56) or that were treated with the specific COX2 inhibitor SC58236 (57) .
CONCLUSION
The present results do not support the claim that preferential COX2 inhibition may be safer for the kidney than nonselective COX inhibition. They confirm that the COX2-mediated synthesis of PGs, by maintaining afferent and efferent vasodilatory tones, plays a major role in the physiologic preservation of glomerular filtration and RBF in the neonatal period. On the basis of the present data and experimental work by others on the role of COX2 in fetal development, all NSAIDs, nonselective and COX2 selective/preferential, should be used with great caution during pregnancy and in the neonatal period. Ϫ5  Ϫ23  Ϫ44  Ϫ33  Ϫ36  Ϫ40  Ϫ5  GFR  Ϫ12  Ϫ23  Ϫ47  Ϫ38  Ϫ32  Ϫ34  Ϫ12  RBF  Ϫ23  Ϫ23  Ϫ48  Ϫ45  Ϫ32  Ϫ52  Ϫ16  RVR  29  37  92  96  58  153  20 Adapted from 19 -21.
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